balance between entropy and enthalpy in addition to covalent bonds between the two blocks causes these materials to self-assemble into nanostructured morphologies with length scales on the order of tens of nanometers. The thermodynamics of all organic electrolytes with salt has been extensively studied in experimental [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and theoretical systems. [13] [14] [15] Though there have been studies conducted on the electrochemical properties, [16] [17] [18] [19] [20] mechanical properties, 21, 22 and ordered phases of hybrid inorganic-organic copolymers, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] the thermodynamic behavior of inorganicorganic copolymers containing salt has yet to be systematically studied.
Here, we present the morphology using small angle x-ray scattering and TEM of poly(ethylene oxide)-block-polyhedral oligomeric silsesquioxane (PEO-POSS) mixed with a lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) salt. Each POSS moiety is inorganic silica-like core surrounded by a shell of organic butyl groups and is about 10 times larger than most typical monomers with molecular weight close to 1000 g mol -1 . 35 This bulkiness of POSS gives rise to unusual physical properties due to a high degree of conformational asymmetry and relative stiffness in comparison to PEO. PEO-POSS is considered a rod-coil type diblock copolymer: the chain behaves as a rigid rod for length corresponding to number of POSS monomers whereas the longer chain portions follow ideal gaussian statistics. [36] [37] [38] [39] [40] [41] [42] [43] [44] The thermodynamic data from 24 PEO-POSS/LiTFSI mixtures are presented on a universal phase diagram. We use a simple equation to quantify the temperature dependence of the interaction parameter for copolymers with salt concentration ranging from 0.02 ≤ r ≤ 0.30 and volume fraction of the PEO/LiTFSI rich phase, f EO/LiTFSI , between 0.61 to 0.91. The present paper builds upon work published in a letter wherein the morphology of electrolytes obtained from one PEO-POSS copolymer was described. 45 (LiTFSI), was purchased from Novolyte. All chemicals were used as received.
EXPERIMENTAL

Materials
Synthesis. PEO-POSS block copolymer was synthesized by nitroxidemediated radical polymerization (NMP). First, PEO-acrylate was reacted with
BlocBuilder MA in anhydrous ethanol at 100 o C under argon for 4h. PEObased macroalkoxyamine was collected by precipitation in cold diethylether.
Then, the POSS-acryloisobutyl monomer was polymerized using the PEObased macroalkoxyamine as initiator in anhydrous xylene at 115 °C for 24h.
The product was isolated by precipitation in cold diethyl ether, and then, centrifugation at 6500 rpm for 15 min. This step was repeated three times to obtain a white solid powder. Molecular weight was determined using H-NMR spectroscopy. The polymers used in this study are called PEO-POSS(x-y) 4 where x and y are the molecular weights of the PEO, M PEO , and POSS, M PPOSS , blocks in kg mol -1 respectively. PEO-POSS structure is shown in Figure 1 . The overall degree of polymerization of each block was calculated by [1] whereN is the average number of units of each block calculated from the molecular weight of the block without correcting for end groups and ν ref is
. The overall degree of polymerization was calculated by
A list of the polymer characteristics including the polydispersity index of the block copolymer, Đ, can be found in Table 1 . 
where M i ∧ρ i are the molar masses of unit i and density of unit I, respectively. and ρ POSS = 1.30 g cm −3 at 90 °C determined by the procedure outlined in ref [45] measuring the weight of a known amount of diblock copolymer. We note that the value of ρ POSS = 1.30 g cm −3 holds for polymerized POSS, as in the three diblock copolymers PEO-POSS(5-2), (5-3) and (5-4).
PEO-POSS(5-1) which contains one POSS monomer unit, density was determined through the following experimental method. Samples were heated to 90 °C, weighed, and filled into pre-weighed aluminum pans with a known volume of 0.04 mL. Pans were hermetically sealed in an argon glovebox and excess POSS was carefully cleaned from the pan. The final weight was recorded. Density of the POSS diblock copolymer was determined by dividing the mass by the known volume of sample pans. Measurements were repeated three times to obtain a standard deviation. Density obtained was 1.11 ± 0.08 g mL -1 .The range of volume fractions used in this study can be found in Table 1 . At 122 °C, the primary scattering peak diminishes in intensity and the second order peak broadens. At 127 °C, the q* peak decreases in intensity and the 2q* peak disappears completely, indicating an ODT is approaching. This SAXS profiles indicates the presence of disordered concentration fluctuations. 48 At 132 °C, a monotonically decaying scattering profile is seen. It is evident that PEO−POSS(5-2) exhibits an ODT upon heating at 125 ± 3 °C.
In Figure 2d Figure 2d at the same temperature. We chose PEO-POSS(5-1) because it is the most asymmetric block copolymer with f EO = 0.84 (see Table 1 ). In conventional block copolymers, such highly asymmetric systems would exhibit cylindrical or spherical morphologies. The TEM image in Figure 2e confirms our conclusion of a lamellar morphology in PEO-POSS(5-1) based on SAXS (Figure 2d ).
The ODTs exhibited by PEO-POSS without salt is qualitatively similar to that of most all-organic diblock copolymers. 49 This suggests that the PEO and POSS chains exhibit repulsive interactions. [50] [51] [52] At low temperatures, these interactions dominate, leading to an ordered phase. At high temperatures entropic effects dominate, leading to mixing of PEO and POSS segments. results in the emergence of an additional scattering peak at q = √3 q* denoted with a diamond that is superimposed on the scattering profile of the lamellar phase. A peak at q = √3 q* is a standard signature of a hexagonally packed cylinders morphology. It is difficult to see this peak in the intensity versus q data shown in Figure 3 . In order to clarify the presence of the √3 q* peak, we define a normalized scattering intensity in equation 5 as outlined in ref [53] 
. [5] The normalized scattering profile in the vicinity of the √3 q* peak is shown in the inset at the top right of Figure 3 at temperatures between 108 °C and 127 °C. The normalized scattering peak at 108 °C is featureless. However, a clear signature of the √3 q* peak is seen to grow in at higher temperatures (≥ 113 °C). In ref [45] , we used electron tomography to show that SAXS profiles with the sqrt 3 peak indicate the presence of coexisting lamellae and hexagonally packed cylinders. In PEO-POSS(5-2) r = 0.08 the transition from lamellae to this coexisting phase at 108 ± 3 °C.
The primary SAXS peaks in Figure 3 The phase behavior seen in Figure 4 is extremely complex and very different from conventional block copolymer electrolytes. 54 Developing a coherent framework for presenting all of these data on a single, unified plot is challenging. In this paper, we restrict our attention to the electrolytes in Figure 4 (r ≥ 0.02). A framework that includes the neat block copolymers is outside the scope of this paper. Our framework is built upon an expression for the effective Flory Huggins interaction parameter, χ eff , that depends on temperature and salt concentration.
A standard approach for determining χ in neat block copolymer melts is through the use of the Leibler's Random Phase Approximation (RPA) which describes scattering from concentration fluctuations in disordered systems. 48, 54, 55 We adopt this approach to determine χ eff for salt-containing PEO-POSS.
The scattering function I dis (q) proposed by Leibler 48 for a monodisperse AB diblock copolymer can be written as follows
. [6] The only difference between equation 6 and that given by Leibler is the introduction of χ eff instead of χ. W(q) and S(q) are the determinant and sum of the elements, respectively, of the structure factor matrix ∥Sij∥. The expressions W(q) and S(q) are given by
Where S AA , S AB , and S BB are the pairwise elements of the structure factor matrix S AA (q)=N P EO(q ) [9] S BB (q )=N P POSS(q) [10] S AB (q)= N 2
[ P Total −P EO −P POSS] . [11] P EO (q) is the form factor of the PEO block which we model as Gaussian chain
where R g is the radius of gyration of the copolymer. We consider the PEO block and LiTFSI to be one component and POSS to be the other component.
is the form factor of the POSS block which we model as rodlike
is the form factor of the entire chain which we model as Gaussian chain.
This is clearly an approximation. [18] where B i is given by [19] and Y LiTFSI is the volume fraction of LiTFSI in the PEO/LiTFSI microphase calculated by EO . [20] In equation 19 , r e is the cross-sectional scattering radius of a free electron; n i is the number of electrons per i; N AVG is Avogadro's number; ρ i is the density of i; and M i is the molar mass of i. The density of the EO/LiTFSI calculation is shown in ref [46] .
In principle, equations 6-20 can be used to predict the scattering from a PEO-POSS/LiTFSI mixture with χ eff and R g as fitting parameters. When this was done, we found systematic disagreement between theory and experiment. We found that the agreement between theory and experiment improved considerably if the contrast term were also used as an additional fitting parameter. Our analysis thus is based on three parameter fits. The average deviation between C and C fit is 8% as shown in the Supporting Information ( Figure S5 ). This suggests that our simplification of combining EO and LiTFSI may not be strictly accurate.
It is evident from Figures 2 and 3 that the scattering peaks are superposed on a monotonically decaying background. We use the following expression to estimate this background
where x, y and z are simply fitting parameters. The experimental scattering profiles that we analyze below are obtained after background subtraction. Figure 5b , the primary scattering peak grows in intensity between 81 °C to 122 °C. In Figure 5c , the primary scattering peak grows in intensity between 60 °C to 122 °C.
The dependence of χ eff on temperature for the three disordered electrolytes discussed in the preceding paragraph is shown in Figure 5d . We use the standard form for determining the temperature dependence of χ eff .
χ eff = A+ B T [22] The dashed lines in Figure 5d are fits of equation 22 which give parameters A and B. Note that B is negative for all cases. The temperature dependence of χ eff is weak relative to the dependence of salt concentration. χ eff increases by a factor of 2.4 when r is increased from 0.02 to 0.06 (see Figure 5d ). In contrast, χ eff only increases by a factor of about 1.004 over the accessible temperature range.
Interestingly, increasing r from 0.06 to 0.08 results in a modest increase in χ eff . χ eff =C +D e −Er + F e −Gr [23] Where C, D, E, F, and G are empirically determined fitting parameters. . [ 24] The empirically determined constants A-G are given in Table 2 . In Figure 7 we compare experimentally determined dependence of 
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